Abstract -This paper proposes a novel single-phase ac-ac converter topology based on the Z-source concept. The converter provides buck-boost function and plays the role of frequency changer. Compared to the traditional ac-dc-ac converter, it uses fewer devices, realizes direct ac-ac power conversion, and has a simpler circuit structure, so as to have higher efficiency and better circuit characteristics. Compared to the traditional matrix converter, it provides a wider voltage regulation range. The circuit topology, operating principle, control method and simulation results are given in this paper, and the rationality and feasibility is verified.
Introduction
To design a single-phase ac frequency changer, there are many solutions. One solution is a phase-controlled ac-ac frequency changer which uses a thyristor as the main switching device. However, it will introduce low-frequency harmonics to the power supply, and its frequency range is limited, that is, it can only output a voltage whose frequency is less than the input's, and its input-side power factor is often low. Another solution is the matrix converter, which can provide an all-silicon solution to the problem of converting ac power from one frequency to another, offering almost all the features required of an ideal static frequency changer. It possesses many advantages such as the ability to provide bidirectional power flow between the power supply and the load. Most of the contemporary modulation strategies are able to provide practically sinusoidal waveforms for the input and output currents with negligible low-order harmonics, and to control the input displacement factor. However, they have inherent disadvantages, such as low voltage gain, low reliability due to the shoot-through of the switches of the same phase leg, and control complexity.
Z-source ac-ac converter is a novel power conversion topology deduced from the basic Z-source converter concept proposed by Prof. Fang. Z. Peng in 2002 [1] . Several papers on Z-source matrix converters have been published in recent years [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Several are based on the Z-source inverter topology [7] [8] [9] ，one is based on the ac-ac cycloconverter concept [10] , several are based on the concept of combining the Z-source ac-ac converter with a traditional matrix converter [11] [12] [13] [14] [15] [16] [17] , and several describe the sparse matrix converter based on the Z-source concept and its control method [18] [19] [20] [21] . This paper will analyze and describe the single-phase Z-source matrix converter which is based on the combination of Z-source ac-ac converter and traditional matrix converter topology. There are two types of Z-source matrix converter structures -voltage-fed and current-fed. (The three-phase current-fed Z-source matrix converter is described in [3] .) This paper will analyze the operating principle, control strategy and voltage gain of the single-phase voltage-fed Z-source matrix converter. The simulation results will verify the rationality of the proposed converter. but they will provide the unique buck-boost function, enhance the reliability of the converter, and provide ridethrough ability for the converter.
The control methods of the traditional matrix converters, e.g. sinusoidal pulse width modulation (SPWM) or space vector PWM (SVPWM), could also be applied to the voltage-fed Z-source matrix converter. Due to its unique structure, the voltage-fed Z-source matrix converter has an additional operating state: shoot-through zero state in which the output terminals of the Z-network are shorted when the switches of a phase-leg or two phase-legs are turned on simultaneously. There is no shoot-through zero state in the traditional voltage-fed single-phase matrix converter because such a state would cause a short circuit and destroy the devices. The Z-source network makes the shoot-through zero state possible, and the shoot-through zero state provides the unique buck-boost feature of the matrix converter without changing the total time interval of the active states. That is, the active states are unchanged and the output voltage is boosted because of the shoot-through zero state. 
Operating Principle and Control of the Proposed Converter
When the converter is in the active states, switch S in Fig.1 is on and the power flows to the load. The switches S 11 , S 12 , S 21 and S 22 are controlled same to the single-phase voltage-source inverter. When it is in the traditional zero states, that is, when S 11 and S 21 , or S 12 and S 22 are turned on simultaneously, the load is shorted, the switch S is turned off, we insert an extra shoot-through zero state and make the output terminal of Z-network shorted. And then same to the operating principle of the Z-source inverter, the output of the proposed converter is boosted.
As is well-known, the traditional voltage-fed singlephase matrix converter has four switching states, or vectors: two active states and two zero states. Based on the aforementioned analysis, the proposed voltage-fed singlephase Z-source matrix converter has five switching states, that is, it has an additional switching state -the shootthrough zero state. This switching state can be realized by the following three methods: turning switches S 11 and S 21 on, or turning switches S 12 and S 22 on, or turning all four switches S 11 , S 21 , S 12 , and S 22 on simultaneously (see Fig.1 ).
When the proposed converter operates in one of the active states or traditional zero states, we can obtain a general equivalent circuit as shown in Fig.2 , in which the power flows to the load. It should be noted that when the converter operates in the traditional zero states, the load is separated from the power source, so its obtainable power is zero, but we can still use Fig.2 to describe these operating states of the proposed converter. In these states, the load could be regarded as a zero-value current source.
When the proposed converter operates in the novel shoot-through zero state, we can obtain an equivalent circuit as shown in Fig.3 , in which the power can not flow to the load and the matrix converter bridge is shorted. 
where D is the duty cycle of the shoot-through zero state over the switching period, and U zm and U im are the peak values of the output fundamental voltage of the Z-network and the input voltage of the converter, respectively. The output fundamental voltage of the Z-network can be expressed as sin( )
where ω i is the angular frequency and φ Z is the phase shift with respect to the converter input voltage. The phase shift is related to the switching frequency. Here, since the switching frequency is much higher than the input power frequency, φ Z can be neglected [6] . If the desired output fundamental voltage of the converter is as follows:
then, according to the conversion principle of the matrix converter, we have 
The essential result of the matrix conversion is that, in a single switching period, the desired output voltage is the average value of a positive and a negative voltage pulse whose duty cycles are different. For the traditional matrix converter, when the load is inductive, the commutation of the switches must meet two conditions: the output phases can not be opened and the input phases can not be shorted. However, for the Z-source matrix converter, due to its unique topology structure, the input phases can be shorted and this condition does not destroy the switches. So, the single-phase Z-source matrix converter has the following operating states: State 1: switches S 11 , S 22 22 and S 21 are turned on simultaneously; and (e) switches S 11 , S 12 , S 21 and S 22 are turned on simultaneously. These cases are all part of the shoot-through zero state, and u o = 0 in this state. We assume that the duty cycle of the switches that operate in this state is D. This state does not change the relationship between the input and output voltages of the matrix bridge section, but it will change the voltage gain of the Z-source section.
According to the operating process of the single-phase Zsource matrix converter and the modulation method of the traditional matrix converter, the variables m 11 and m 21 can be expressed as follows:
where q is the voltage transfer ratio of the traditional singlephase matrix converter. Evidently, m 11 and m 21 are less than 1. In the neighborhood of the input voltage near zero, if we use constant duty cycle to replace the actual duty cycle, we have
Since 0 ≤ m' 11 ≤ 1 and 0 ≤ m' 21 ≤1, it is easy to obtain the following relationship:
Evidently, the voltage transfer ratio of the traditional single-phase matrix converter is related to its frequency transfer ratio. That is, when the frequency is boosted, the voltage would be bucked, and vice versa. Fig.4 shows the SPWM control principle. It describes the control signals of the five bi-directional switches, S 11 , S 12 , S 21 , S 22 and S, and all the inserted zero-state intervals T 0 . Note that, in the positive half cycle of the input voltage, the control method of the matrix bridge is the same as that of the single-phase voltage-source inverter but, in the negative half cycle, we should change the control method. That is, in the negative half cycle, the lower two switches S 12 and S 22 play the role that S 11 and S 21 played in the positive half cycle, and the same applies to the upper two switches S 11 and S 21 . So, the SPWM control strategy should be modified to suit this unique condition. The simple boost control method [4] is adopted, that is, two dc reference signals are compared with the carrier triangle wave to obtain the shootthrough zero-state intervals. To achieve maximum boost function, here we keep the value of the dc reference equal to the maximum value of the modulation sinusoidal wave. 
where f r =ω o /ω i is the frequency transfer ratio of the matrix converter. From (11) we can see that the voltage gain is not only related to the duty cycle of the shoot-through zero state, but it is also related to the input and output voltage frequency ratio. When the frequency of the output voltage is higher than that of the input voltage, the overall voltage gain will be less than that of the case when the input frequency equals the output frequency. When the output frequency is lower than that of the input, the overall voltage gain will be more than that of the case when the input frequency equals the output frequency. The relationship of voltage gain versus shoot-through duty ratio D when the frequency ratio f r equals 1 is shown in Fig.5 ; and the relationship of voltage gain versus shoot-through duty ratio D and the frequency ratio f r is shown in Fig.6 . From Fig.5 and Fig.6 , we can see that the voltage gain of the proposed converter is more than that of the traditional single-phase matrix converter, the proposed converter has good buck/boost characteristics, and it has phase-inversion function when the duty ratio is more than 0.5. Evidently, the duty ratio D is generally less than 0.5 because, as the modulation index m decreases, the voltage stress of the matrix bridge switches increase.
Simulation Results
To verify the analysis above, some simulations are done using Saber software. The simulation circuit is the same as that of Fig.1 and the simulation parameters are shown in Table 1 . The switching frequency is 10 kHz. Simulation results are shown in Fig. 7 -Fig. 10 .
For the simulation results in Fig.7 and Fig.8 , the output frequency is 50Hz. By regulating the modulation index and the dc references, we can obtain buck or boost functions, and the output voltage could be in-phase or out-of-phase with the input voltage. From Fig.9 and Fig.10 , we can see that the output frequency can be either higher or lower than the input frequency, we can achieve either the buck or boost function, and the phase inversion characteristic can also be achieved. The simulation results verify the aforementioned analysis. 
Conclusion
This paper proposed a novel single-phase matrix converter topology, its circuit structure and operating principle were introduced, a detailed control method was given, and simulation results were also given. In this paper, the chosen control method was the simple boost control method, which is widely used in other Z-source inverter/converter topologies, such as inverter, dc-dc converter, ac-ac converter, etc. The maximum boost control method should be suitable for the proposed converter in this paper. However, due to its complicated harmonic components, it would be difficult to use with the novel Zsource matrix converter. Much more research and analysis needs to be done in future works.
